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NMDAR Channel Segments Forming the Extracellular
Vestibule Inferred from the Accessibility
of Substituted Cysteines
line the inner half, or cytoplasmic vestibule, of the con-
duction pathway (Kuner et al., 1996). Determinants con-
tributing to the outer half of the conduction pathway,
referred to as the extracellular vestibule, are unknown.
Identification of such structures is critical since they
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may serve as a conditioning environment for the transferJahnstrasse 29
of ions toward the selectivity filter (Dani, 1986). Indeed,D-69120 Heidelberg
the presence of a Ca21-binding site in the extracellularGermany
vestibule (Premkumar and Auerbach, 1996) may account
for the high fraction of the total current carried by Ca21
through the NMDAR channel (Schneggenburger et al.,
1993; Burnashev et al., 1995). Further, the extracellularSummary
vestibule may contribute to subunit-specific differences
in Mg21 block (Kuner and Schoepfer, 1996) as well asIn NMDA receptor channels, the M2 loop forms the
to pharmacological properties of glutamate receptors,narrow constriction and the cytoplasmic vestibule.
providing binding sites for extracellular ligands.The identity of an extracellular vestibule leading to-
Candidate regions for the lining of the extracellularward the constriction remained unresolved. Using the
vestibule were selected based on known determinantssubstituted cysteine accessibility method (SCAM), we
of functional properties or on sequence conservation asidentified channel-lining residues of the NR1 subunit
an indicator of protein-specific function: (1) RNA editingin the region preceding M1 (preM1), the C-terminal
of two residues in the M1 segment of GluR6 channelspart of M3 (M3C), and the N-terminal part of M4 (M4N).
changes their Ca21 permeability (KoÈ hler et al., 1993); (2)These residues are located on the extracellular side
the M1 and M4 segments, in addition to the N0 and N11of the constriction and, with one exception, are ex-
sites in the M2 segment, contain determinants control-posed to the pore independently of channel activation,
ling the voltage-dependent block by extracellular Mg21suggesting that the gate is at the constriction or fur-
(Kuner and Schoepfer, 1996); and (3) sequence align-ther cytoplasmic to it. Permeation of Ca21 ions was
ments of members of the glutamate receptor familydecreased by mutations in M3C and M4N, but not by
(Sprengel and Seeburg, 1995) reveal a high degree ofmutations in preM1, suggesting a functionally distinct
sequence identity in the C-terminal part of M3 and thecontribution of the segments to the extracellular vesti-
N-terminal part of M4. Based on these observations, webule of the NMDA receptor channel.
pursued the idea that elements within and adjacent to
the three membrane-spanning segmentsÐM1, M3, and
M4Ðcontribute to the formation of the extracellular ves-Introduction
tibule in the NMDAR channel.
We used the substituted cysteine accessibility methodN-Methyl-D-aspartate receptors (NMDARs) are cation-
(SCAM) (Karlin and Akabas, 1998) to identify channel-selective channels that participate in excitatory synaptic
lining residues of the NR1 subunit. Residues within thetransmission in the vertebrate central nervous system
target segments were individually mutated to cysteine,(Watkins, 1984; Collingridge and Lester, 1989; Mona-
and mutant channels were probed with cysteine-specificghan et al., 1989; Gasic and Hollmann, 1992). Determi-
methanethiosulfonate (MTS) derivatives from both the ex-nants of key properties, such as the voltage-dependent
ternal and internal sides of the membrane. These re-block by Mg21 and permeation of Ca21, are present in
agents react with cysteines exposed to the water-acces-the M2 segment (Burnashev et al., 1992; Mori et al.,
sible surface of the channel and covalently attach their1992; Wollmuth et al., 1998). This segment forms a reen-
positively charged ethylammonium moiety to the cyste-trant loop that originates on the cytoplasmic side of the
ine via a mixed disulphide bond. Covalent modificationchannel (Hollmann et al., 1994; Wo and Oswald, 1994;
after exposure to the MTS reagents was monitored asBennett and Dingledine, 1995; Wood et al., 1995; Kuner
a change in the amplitude of the glutamate-inducedet al., 1996). The channel's narrow constriction (Woll-
current, or as a shift in the Ca21 reversal potential. MTSmuth et al., 1996), which is positioned about 60% of the
reagents were applied in the presence or absence ofway across the transmembrane electric field (Villarroel
agonist in order to detect structural changes concomi-
et al., 1995; Zarei and Dani, 1995), is located at the tip
tant with channel activation.
of the M2 loop (Kuner et al., 1996). Exposed residues in Reactive positions were found in the region preceding
the ascending and descending parts of the M2 segment M1 (preM1) at the C-terminal end of M3 (M3C) and the
N-terminal region of M4 (M4N). Positions accessible to
extracellularly applied reagents were not accessible to
³ To whom correspondence should be addressed (e-mail: kuner@ cytoplasmically applied reagents. The same accessibil-
neuro.duke.edu). ity pattern was found in the presence and absence of§ Present address: Department of Neurobiology, Duke University
glutamate, except from position L544C, which was onlyMedical Center, Durham, North Carolina 27710.
accessible in the presence of glutamate. Mutations in‖ Present address: Department of Neurobiology and Behavior, State
the M3C and M4N segments, but not in the preM1 seg-University of New York at Stony Brook, Stony Brook, New York
11794. ment, exhibited shifts of the reversal potential for Ca21
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Figure 1. Cysteine Substitutions in the NR1 Subunit
(A) Schematic drawing of the NR1 subunit. Filled boxes represent Figure 2. Effects of Extracellularly Applied MTSEA on NR1(L544C)-
the hydrophobic segments M1 to M4 with the lines B, C, and D NR2CM1 Channels
indicating the regions where cysteine was substituted.
(A) Application in the presence of glutamate. Whole-cell currents(B±D) Amino acid sequence of the regions marked in (A). Hydropho-
recorded from a Xenopus oocyte expressing NR1(L544C)-NR2CM1bic segments are boxed. To simplify description, the border of the
channels. Current responses were elicited by 45 s applications ofM1 segment was set between residues L544 and W545, thereby
glutamate (thin lines) at 250 mV. MTSEA (3 mM) was applied forassigning L544 to the preM1 segment. Cysteine was substituted
120 s (thick line) in the continued presence of glutamate. Increaseindividually for each position within the marked regions (C---C). The
of the leakage current during the course of the experiment is ob-numbers indicate the position of a residue in the mature protein.
served in most recordings using low Ca21 Ringer's (Kuner et al.,Amino acid residues that are highly conserved across all glutamate
1996).receptor subtypes are in bold face.
(B) Application in the absence of glutamate. Current amplitudes in
NR1(L544C)-NR2CM1 channels recorded as in (A) but with MTSEA
(thick line) applied in the absence of glutamate and glycine. The
transient shift of the current baseline in the presence of MTS re-subsequent to covalent modification. From these re-
agents was observed in most experiments and ranged from 10 tosults, we infer that the M3C and M4N segments are pri- 200 nA.
mary determinants of the extracellular vestibule and that
the preM1 segment may contribute structurally. Further-
more, we conclude that the extracellular vestibule does
that the overall structure of the channels is not grosslynot contain the gate of the channel. Rather, the gate
changed by the substituted cysteine.may be located at the narrow constriction or further
cytoplasmic to it. Parts of these results have been pre-
sented in preliminary form (C. Beck et al., 1996, Soc. Effects of Externally Applied MTS Reagents
Neurosci., abstract). on Cysteine-Substituted NMDAR Channels
Figure 2 illustrates an example of the effects of bath-
applied MTSEA on cysteine-substituted channels, in thisResults
case NR1(L544C)-NR2CM1. Glutamate was applied four
times to determine the mean current amplitude beforeCysteine Substitution Mutants of the NR1 Subunit M1,
M3, and M4 Segments Form Functional Channels exposure to the reagent. Application of MTSEA in the
presence of glutamate strongly blocked the current (Fig-Cysteine substitution mutants were generated in and
adjacent to hydrophobic, membrane-spanning segments ure 2A, thick bar). After washout of MTSEA, current am-
plitudes remained persistently reduced, indicating thatof the NR1 subunit (Figure 1A). Three stretches of con-
secutive amino acid residues of the NR1 subunit, resi- the cysteine was covalently modified. Hence, in the
presence of glutamate, NR1(L544C) is accessible to ex-dues D534-L544 in preM1, W545-H553 in M1, F621-R641
in M3, and residues T789-A803 in M4, were individually ternally applied MTSEA. To detect structural changes
concomitant with channel activation, we tested the ef-mutated to cysteine as indicated in Figures 1B±1D.
Cysteine-substituted NR1 subunits were coexpressed fects of MTSEA in the absence of glutamate. MTSEA
application resulted in a reversible shift of the currentwith the NR2CM1 subunit (Kuner et al., 1996) in Xenopus
oocytes. Of the 56 cysteine substitution mutants, 52 baseline (Figure 2B, thick bar), which is unlikely to be
mediated by NMDAR channels because it was also ob-generated glutamate-activated whole-cell currents com-
parable in amplitude to wild-type channels, two gener- served in noninjected oocytes. After washout of MTSEA,
current amplitudes recovered close to the mean currentated only small currents (F540C and W545C), and two
mutants did not generate detectable glutamate-acti- determined before exposure to the reagent, suggesting
that the substituted cysteine was not accessible whenvated currents (S535C and Y629C). For mutant channels
with current amplitudes close to wild-type, we assume the channels were predominantly in the closed state.
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Thus, position NR1(L544C) is only exposed to the pore side of M3 were not accessible to MTS reagents,
whereas residues comprising the C-terminal part of M3when the channels are activated.
The protocols presented in Figure 2 were used to test and some residues further downstream were accessible
to the reagents, suggesting that they are positioned atindividual cysteine-substituted NMDAR channels for
their accessibility to MTS reagents. In the presence of the water-accessible surface of the channel.
M4glutamate, we tested both MTSEA and the larger MTSET.
Since MTSEA showed a more widespread accessibility Residues of the N-terminal portion of the M4 segment
and some residues further N-terminal were accessiblepattern in the presence of glutamate than MTSET, we
used it as a probe for accessibility in the absence of to both MTSEA and MTSET (T789, L790, T791, A796,
and G797; Figure 3, bottom). Six consecutive residuesagonist. Extracellular application of MTS reagents re-
sulted in the persistent change of the glutamate-induced (V798, F799, M800, L801, V802, and A803) of the central
part of the M4 segment were not accessible to the re-currents in several cysteine substitution mutants as
summarized in Figure 3 and described in more detail agents. The pattern of accessibility was comparable for
MTSEA and MTSET except for position N794, which wasbelow.
accessible to MTSEA but not to MTSET. These results
are consistent with the N-terminal part of M4 forming
part of the water-accessible surface of the channel.Accessibility of Cysteine-Substituted Channels to MTS
Reagents Applied in the Presence of Glutamate In summary, we identified positions accessible to ex-
ternally applied MTS reagents within and adjacent toPreM1 and M1
Within the M1 segment proper, we tested a stretch of the hydrophobic segments: preM1 but not M1 itself,
the C-terminal portion of M3 (M3C) and the N-terminalnine consecutive positions (W545±H553). Surprisingly,
none of these positions were accessible to the MTS portion of M4 (M4N). The majority of the positions tested
were accessible to both MTSEA and the bulkier MTSET.reagents in the presence of glutamate (Figure 3, top).
In contrast, several positions further N-terminal to the Only positions D640, R641, and N794 distinguished be-
tween the two differently sized reagents, possibly re-M1 segment, a region we define as the preM1 segment,
were accessible to MTSEA and MTSET, including posi- flecting steric restraints rather than silent reactions, be-
cause MTSEA reacted with the cysteines even aftertions D534, F536, M537, Q538, P539, F540, and L544.
The overall pattern of accessibility for MTSEA and application of MTSET (data not shown). Each of the
three segments had a stretch of at least five consecutiveMTSET was qualitatively similar, suggesting that the
accessibility to the bulkier MTSET is not limited by steric positions that were inaccessible to MTS reagents. The
corresponding residues are likely to be buried within theconstraints. Hence, positions in preM1, but not in M1
itself, are exposed at the water-accessible surface of protein. The accessibility pattern is consistent with the
presumed membrane topology of glutamate receptors,the channel.
M3 and each accessible region may contribute to the lining
of the extracellular vestibule in the NMDAR channel.A long stretch of consecutive positions at the C-terminal
end of the M3 segment (T630, A631, N632, L633, A634,
A635, and F636) and individual residues in a region Accessibility of Cysteine-Substituted Channels
C-terminal to M3 (L637, V638, L639, D640, and R641) to MTS Reagents Applied in the Absence
were accessible to the MTS reagents (Figure 3, center). of Glutamate
N-terminal to this stretch of residues only position V626 Probing the accessibility of substituted cysteines in the
was accessible, but positions A627 and S628, as well presence of agonist samples at least two states of the
as F621, A622, M623, I624, and I625, were not. The channel: open and closed. To detect activation state-
overall pattern of accessibility was similar for MTSEA selective positions, we applied MTSEA in the absence
and MTSET, except for mutant channels with cysteine of agonist, where channels are predominantly in the
substitutions at D640 and R641, which showed persis- closed state. Figure 3 (right panel) shows a summary
tent inhibition after MTSEA treatment but not after of positions accessible in the absence of glutamate.
MTSET treatment. Glutamate-activated currents in chan- Strikingly, the same pattern of accessibility emerges
nels containing cysteine at position A635 or V638 were either in the presence or absence of agonist, with only
persistently potentiated after application of MTS re- one exception: L544C, located at the C-terminal border
agents. of the preM1 segment, was not accessible to MTSEA
NR1(A634C)-NR2CM1 channels behaved differently from when applied in the absence of glutamate (Figure 3, top;
all other cysteine substitution mutants when treated with see also Figure 2). The effects of MTSEA applied in
MTS reagents. With the start of application of MTS re- the absence of glutamate were significantly different for
agents, the current baseline exhibited a rapid and strong positions S542 and T543 when compared to wild-type
shift, leading to a large inward current in the range of but were not statistically different to the effects of
215 to 220 mA, whether or not glutamate was present MTSEA applied in the presence of agonist. The activa-
(data not shown). Upon washout, the current did not tion state±selective accessibility of position L544C sug-
return to the baseline established prior to the application gests that a structural rearrangement associated with
of MTS reagents, suggesting that covalent modification channel gating may temporarily expose this residue to
of the cysteine introduced at position A634 activates the lumen of the channel. Furthermore, the accessibility
the channel via an unknown mechanism (indicated by of all other cysteines independent of the activation state
$ in Figure 3, center). of the receptor channel suggests that the identified seg-
ments, preM1, M3C, and M4N, do not directly contributeIn summary, residues F621±I625 on the N-terminal
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Figure 3. Accessibility of Cysteine-Substituted Channels to MTS Reagents
Percent change in current amplitudes after exposure to the MTS reagents (see Experimental Procedures), with inhibitions pointing to the left
and potentiations to the right. Wild-type and mutant channels were exposed either to MTSEA in the presence of glutamate (left), to MTSET
in the presence of glutamate (center), or to MTSEA in the absence of glutamate (right). Each bar represents the mean 6 SD of five to ten
independent experiments. Statistically significant positions are shown as filled bars: grey bars denote significant (p , 0.05) and black bars
highly significant (p , 0.01) differences in comparison to wild-type. Positions not significantly different from wild-type are shown as open
bars. Even in the absence of agonist, mutant A634C exhibited a strong and irreversible inward current after exposure to MTS reagents (denoted
with a dollar sign; see Results). Nonfunctional mutants are marked with the pound sign. Amino acid residues are in the one letter code.
to the gate of the channel. Nevertheless, subtle confor- Does Accessibility of a Cysteine Imply that It Is
Facing the Lumen of the Channel?mational changes of these segments may be associated
with channel gating that cannot be resolved with the In the experiments presented above, the change of the
current after covalent modification may arise from theexperimental paradigm applied here.
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direct interaction of the charged ethylammonium moiety
with permeating ions, from changes in channel gating,
or from interference with ligand binding. Depending on
the mechanism of functional alteration, a modifiable cys-
teine could be positioned at locations different from the
channel lumen, even within hydrophilic pockets in the
interior of the protein. In addition to this problem, MTSEA
in its neutral form can permeate membranes and create
cross-reactivity, complicating conclusions on sided-
ness (Holmgren et al., 1996). To address these problems,
we carried out the following experiments: (1) the rate of
reaction was determined to support the location of a
cysteine on the water-accessible surface of the channel;
(2) the impermeant (Kuner et al., 1996), permanently
charged MTSET was applied to the cytoplasmic side of
channels exposing a cysteine in the extracellular lumen
to clarify sidedness relative to the membrane; and (3)
effects of covalent modification on Ca21 permeation
were determined to support a location of the modified
cysteine within the lumen of the channel.
Most Cysteine-Substituted Channels Exhibit Fast
Rates of Reaction with MTS Reagents
in the Presence of Glutamate
Exposure of a reporter cysteine at the water-accessible
surface of a protein predicts a fast reaction with the MTS
reagents. In contrast, reaction with a cysteine located in
Figure 4. Reaction Rates of MTS Reagents with Cysteine-Substi-the interior of the protein or at the lipid interface would
tuted Channels in the Presence of Glutamatebe much slower due to the suppressed ionization of the
(A) Reaction of 30 mM MTSEA with NR1(A796C) NR2CM1 channels.thiol group (Karlin and Akabas, 1998). We determined
Glutamate (thin line) elicits an inward current, which is rapidlyapparent reaction rates for the reaction of MTS reagents
blocked when MTSEA is added (thick line). The single exponential
with cysteine from the decay of the current in the pres- fit revealed a time constant of 10.8 s, corresponding to an apparent
ence of the reagents. Several exposed positions of each reaction rate of 3.1*103 M21s21.
of the three segments, preM1, M3C, and M4N, were (B) Reaction of 3 mM MTSET with NR1(L544C)-NR2CM1 channels.
The time constant for the reaction with MTSET was 50.7 s, corre-tested. Figure 4A shows a glutamate-evoked current
sponding to a reaction rate of 6.6 M21s21. Wild-type channels areresponse of NR1(A796C)-NR2CM1 channels and its sub-
only weakly blocked even at high concentrations of MTSET (datasequent reduction by 30 mM MTSEA, reflecting the reac-
not shown).
tion of MTSEA with the cysteine-substituted channels. (C) Apparent reaction rate constants of MTSEA and MTSET with
The thick line represents the fit of a single exponential selected positions in the preM1, M3, and M4 segments. Bars repre-
function to the decay phase of the current, yielding a sent the mean 6 SD of four to six independent experiments.
rate constant of 3.1 3 103 M21s21. Figure 4B shows a
current response of NR1(L544C)-NR2CM1 channels that
showed the slowest reaction of all mutants tested. In segments are consistent with these segments being ex-
posed on the water-accessible surface of the channel.this example, the rate constant for reaction of MTSET
was 6.6 M21s21. The slow reaction might be related to
the observation that this position is selectively accessi- Cysteine-Substituted Positions of the Extracellular
Vestibule of NMDARs Are Not Accessible fromble only in the activated state of the receptor channel,
reducing the fraction of time during which the cysteine the Cytoplasmic Entrance of the Channel
in the Presence of Glutamateis available for reaction with MTSET. The reaction rate
constants of most of the residues tested were in the Positions constituting the extracellular vestibule are ex-
pected to be located extracellular to the narrow con-range of 103 to 104 M21s21 (Figure 4C), which is between
10- to 80-fold smaller than the reaction rate constant of striction of the channel. To test this assumption, we
probed the accessibility of selected cysteine-substi-MTSEA with mercaptoethanol in solution (Stauffer and
Karlin, 1994) but comparable with values obtained from tuted channels to the impermeant MTSET (Kuner et al.,
1996) applied to the cytoplasmic side of the channel.similar experiments in the AChR channel (Pascual and
Karlin, 1998). Comparing the reaction rates of the two For each segment, a position was selected presumed
to be located close to the narrow constriction of thereagents reveals a tendency of MTSET to react more
slowly than MTSEA, which might be related to the larger channel: L544 in preM1, V626 in M3, A796 in M4, and,
in addition, D534 in preM1. All of these positions weresize of MTSET. However, this is only significant for posi-
tions V626 and L544. Both of these mutants might be accessible to extracellularly applied MTSET. Figure 5A
shows current amplitudes extracted at 1100 mV fromlocated deep in the channel within a sterically restricted
environment. In summary, the apparent reaction rates I-V curves recorded from NR1(L544C)-NR2CM1 channels
present in a giant inside-out patch. MTSET had neitherdetermined for selected positions from each of the three
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Figure 5. Effects of MTSET on Cysteine Substitution Mutants when
Applied from the Cytoplasmic Side in the Presence of Glutamate
(A) Current amplitudes at a potential of 1100 mV plotted against
time recorded from a giant inside-out patch containing NR1(L544C)-
NR2CM1 channels. Open circles, asterisks, and closed circles denote
currents before, during, and after exposure to MTSET (2 mM), re-
spectively.
(B) Relative change of the current amplitudes after treatment with
MTSET. Bars represent the mean 6 SD of three to five independent
experiments. Positions included in the graph were accessible to
extracellularly applied MTSET.
transient nor persistent effects on the current amplitude,
suggesting that no reaction occurred with the intro-
Figure 6. Ca21 Reversal Potentials in Cysteine-Substituted Chan-duced cysteine. None of the mutants tested were acces-
nels before and after MTSEA Applicationsible to MTSET applied from the cytoplasmic face of the
(A) Peak current±voltage (I±V) relation, in 10 mV increments, formembrane, as summarized in Figure 5B. Thus, residues
glutamate-activated currents recorded in an HEK 293 cell express-accessible to extracellularly applied reagents are indeed
ing NR1-NR2A channels. The cell was bathed either in 143.5 mM
located on the extracellular side of the narrow con- CsCl (open circles) or 1.8 mM CaCl2, 140 mM NMDG (closed circles).
striction. The pipette solution contained 163.5 mM CsCl. The CsCl recording
is the average of recordings made before and after exposure to the
CaCl2 solution. The right panel shows the I±V relation for glutamate-Residues Lining the Extracellular Vestibule
activated currents of NR1-NR2A after exposure to MTSEA (2 mM,Affect Ca21 Permeability
60 s, applied at 250 mV) in Cs1 (open circles) or Ca21 (closed circles).Ca21 permeability was quantified in selected mutant
(B) I±V relation for glutamate-activated currents of NR1(N632C)-
channels containing a cysteine substituted for charged NR2A channels in Cs1 (open circles) or Ca21 (closed circles) before
or polar residues in each of the three segments, both (left) and after (right) exposure to MTSEA.
before and after covalent modification with MTSEA. In (C) Summary of changes in Ca21 reversal potentials for wild-type
and cysteine substitution mutants tested both before (open bars)this analysis, we assume that for positions lining the
and after (grey bars) exposure to MTSEA. Bars represent the mean 6extracellular vestibule of a channel, introduction of a
2 3 SEM. Asterisks denote highly significant difference (p , 0.01)positive charge would interfere with the permeation of
in comparison to wild type. Residue E793 was used as a control,
cations, especially divalent Ca21 ions, and would reduce since it was not accessible.
Ca21 permeability.
Figure 6A shows the current±voltage (I±V) relation of
glutamate-activated currents produced by voltage steps
in a human embryonic kidney cell (HEK 293) expressing MTSEA application, the change in the reversal potential
on replacing Cs1 with Ca21 was significantly more nega-wild-type NR1-NR2A channels (see Experimental Proce-
dures). Cells were bathed either in CsCl (open circles) tive (239.8 6 0.5, n 5 6) than in wild-type channels,
suggesting a reduced Ca21 permeability (Figure 6B, leftor in an NMDG-based solution containing 1.8 mM Ca21
(closed circles). Replacing Cs1 by Ca21 produced a shift panel). Current amplitudes were reduced by 92% 6 3%
(n 5 3) after MTSEA exposure, and the remaining currentin the reversal potential of 235.3 6 0.3 mV (n 5 7) (Figure
6A, left panel). Following a 1 min application of MTSEA showed an additional shift in reversal potential. On aver-
age, the change in the reversal potential was 244.5 6(2 mM) in the presence of glutamate (Figure 6A, right
panel), currents were reduced in amplitude (at 250 mV, 0.7 (n 5 3) (Figure 6B, right panel). These results are
consistent with the side chain of N632 being positionedmean inhibition was 34% 6 4%, n 5 4), but the shift in
reversal potential was the same (234.9 6 0.2 mV, n 5 4). in the lumen of the channel.
Figure 6C summarizes measurements of Ca21 reversalIn NR1(N632C)-NR2A channels (Figure 6B), prior to
Extracellular Vestibule of the NMDAR Channel
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potentials before and after MTSEA application in chan- Changes in whole-cell current amplitudes after expo-
sure to MTS reagents may reflect alterations in single-nels containing cysteine substitutions in the preM1, M3,
and M4 segments. The strongest shifts of Ca21 reversal channel conductance (Pascual et al., 1995; Zhang and
Karlin, 1998), ligand binding (Javitch et al., 1995), orpotentials in comparison with wild-type channels oc-
curred with cysteine substitutions in the M3 segment. channel gating (Zhang and Karlin, 1998). Each of these
mechanisms would imply a different location of the re-Indeed, channels containing cysteines at either N632
or D640 had significantly more negative Ca21 reversal porter cysteine, either in the channel, in the binding site,
or almost anywhere on the water-accessible surface,potentials, which were further reduced after treatment
with MTSEA. In the M4 segment, channels containing respectively. We characterized Ca21 permeation in se-
lected cysteine-substituted channels to obtain addi-cysteines showed a significantly more negative Ca21
reversal potential only following covalent modification tional evidence that the cysteine is directly exposed to
the lumen of the channel. Effects on Ca21 permeabilityafter MTSEA treatment. Finally, in the preM1 segment,
Ca21 reversal potentials were unchanged either before are independent of channel gating or agonist binding
and predominantly reflect interactions of residues liningor after MTSEA application.
In summary, the preM1, M3, and M4 segments appear the channel wall with permeating Ca21 ions, thereby
providing strong support for the location of a residue into contribute differently to the conduction pathway. Po-
lar and charged residues in the M3 segment contribute the channel.
to the lining of the channel as well as to Ca21 permeabil-
ity. Residues of the M4 segment are also exposed to
Segments Lining the Extracellular Vestibulethe lumen of the channel but, unlike the residues in M3,
From the effects of covalently modified cysteines ondo not directly contribute to Ca21 permeation, at least
current amplitudes and Ca21 permeation, we concludefor the polar asparagine. Finally, none of the cysteine
that the regions C-terminal to M3 (M3C) and N-terminalsubstitution residues of the preM1 segment affected
to M4 (M4N) are the primary determinants of the extracel-Ca21 permeability, even after MTSEA reaction.
lular vestibule (Figure 7A, white and black circles). Modi-
fied cysteines in the region preceding M1 (preM1) af-
fected current amplitudes but not Ca21 permeation,Discussion
complicating inferences on the location of this segment
with regard to the pore. Given that the preM1 segmentThe aim of this study was to identify residues lining
is not part of the binding site of GluRs (reviewed by Paas,the extracellular part of the conduction pathway in the
1998) but is closely associated with a transmembrane-NMDAR channel. We define the extracellular vestibule
spanning domain, it seems likely that preM1 contributesas a compartment bordered by the narrow constriction,
to the extracellular vestibule, although in a manner dif-the lateral channel walls, and an opening toward the
ferent than M3C and M4N (Figure 7A, grey circles). Substi-extracellular space. The dimensions of such a vestibule
tuted cysteines in the M1 segment were not accessiblemight correspond to a cylinder about 2.5 nm long and
to externally applied reagents, indicating that M1 does1.5 nm wide (measures taken from a simulated 3D model
not contribute to the lining of the extracellular vestibuleof the NMDAR channel [H. R. Guy and T. K., unpublished
(Figure 7A). The model of the channel that we derivedata]), sufficiently small for permeating ions to sense
from the patterns of exposed residues is consistent withlocal and transmembrane electrochemical potential dif-
the current topology model of GluRs (reviewed by Holl-ferences. The data strongly suggest that the extracel-
mann, 1996), which predicts an external location of thelular vestibule of the NMDAR channel is collectively
preM1, M3C, and M4N segments (Figure 7B, hatchedformed by three segments, with the M3C and M4N seg- boxes).ments as the primary determinants and the preM1 seg-
ment contributing structurally.
Positioning of Pore-Lining Segments Relative
to the Channel Axis
Assumptions The three cysteine-substituted regions investigated in
We base our conclusions on assumptions inherent to this study reveal a common pattern: a stretch of residues
the substituted cysteine accessibility method (SCAM) is susceptible to covalent modification, and there is a
(Akabas et al., 1994; Holmgren et al., 1996; Kuner et al., border position (L544 in preM1/M1, V626 in M3, G797
1996; Karlin and Akabas, 1998; Pascual and Karlin, 1998; in M4) marking the transition to a stretch of at least five
Wilson and Karlin, 1998; Zhang and Karlin, 1998). Briefly, consecutive nonreactive residues (Figure 7B, hatched
we assume that: (1) cysteine-substituted channels have versus open boxes). The nonreactive positions are likely
a structure similar to wild-type channels, supported by to constitute the densely packed region forming the
the observation that most mutant channels exhibited membrane-spanning part of the channel. None of the
whole-cell current amplitudes close to wild type; (2) MTS positions lining the extracellular vestibule were accessi-
reagents preferentially react with thiolates at water- ble to MTSET applied from the cytoplasmic side, indicat-
accessible surfaces of the receptor channel, sustained ing that they are positioned external to the narrow con-
by fast reaction rates exhibited by most mutant channels striction formed at the tip of the M2 loop (Figure 7A).
carrying an exposed cysteine; and (3) covalent modifica- What can we infer from such a pattern about the ar-
tion irreversibly changes functional properties of the rangement of the segments relative to the channel axis?
channel, demonstrated by the persistence of the ob- Two extreme possibilities are compared in Figures 7B
and 7C. Model 1 follows the conventional assumptionserved effects.
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Figure 7. Models of the Extracellular Vestibule
(A) Model of the luminal channel surface contributed by an NR1 subunit. Open circles represent channel lining residues of the M3C and M4N
segments. Shaded circles depict residues of the preM1 segment presumed to be located further away from the central axis. Ions permeating
through NMDAR channels may sense polar and charged residues of the M3C and M4N segments (closed circles). The segments are arranged
from left to right reflecting their different effects on Ca21 permeation (see text). Exposed residues of the M2 segment (squares) taken from
Kuner et al. (1996). The narrow constriction of the channel is formed by an asparagine at the tip of the M2 loop. Amino acid residues are
shown in the one letter code.
(B) Model 1. Upper panel: hydrophobic segments are printed in grey with the boxes denoting the stretches where cysteines were substituted.
The hatched regions of these boxes indicate accessible regions as opposed to the open boxes, which represent the buried part. Lower panel:
arrangement of the segments in the vertical and horizontal axis of the channel. L544 is positioned in a cleft between M3 and M4.
(C) Model 2. Upper panel: as in (B), the horizontal line indicates the level of the narrow constriction. Lower panel: as in (B). The order of the
segments was chosen arbitrarily; M1 could also be positioned at the interface between two subunits (e.g., M1-M4-M3).
that the boundaries of the hydrophobic domains align the channel. Such a positioning of the segments in the
horizontal plane could be accomodated by both modelswith the limits of the membrane lipids. In this view, the
different locations of the border positions relative to the presented in Figure 7. High-resolution approaches such
as cryoelectronmicroscopy or X-ray crystallography willrange of hydrophobic residues could be explained by a
tilted arrangement of the transmembrane segments in be required to resolve further details.
the vertical axis and partially superimposed arrange-
ment in the horizontal axis (Figure 7B, lower panel). Secondary Structure of Channel-Lining Segments
The secondary structure of channel-lining segments canModel 2 assumes a vertical staggering of the transmem-
brane domains, positioning the border positions approx- be derived from the pattern of exposed residues (Akabas
et al., 1994; Kuner et al., 1996). However, inferences onimately at the level of the narrow constriction (Figure
7C, horizontal line). In such a model, the transmembrane secondary structure are error-prone due to the interpre-
tation of nonreactive residues. For example, apparentlysegments would be vertically oriented and, as a conse-
quence, next to each other with only a little overlap buried residues may be nonreactive due to suppressed
ionization of the cysteine or steric hindrance. Accessibil-(Figure 7C, lower panel). In both models, the transmem-
brane segments could be positioned at different dis- ities assayed at saturating concentrations of agonist
may occasionally fail to detect accessible residuestances from the center of the pore. A centrifugal order
of the segments might be derived from the effects of (Zhang and Karlin, 1998). In addition, since not all resi-
dues classified as ªexposedº may be exposed at thecovalent modification on Ca21 permeability. In M3C, cys-
teine substitutions of polar and charged residues attenu- same instant in time, the exposure of channel-lining
residues could depend on the activation state of theated Ca21 permeability and covalent modification en-
hanced this effect. In M4N, Ca21 permeability was only channel. The latter two possibilities are less likely to
apply here, since we find identical patterns in the pres-attenuated after covalent modification, whereas for
preM1 residues, Ca21 permeability remained unchanged ence and absence of agonist (except from L544C) and
when testing accessibilities at the EC50 for glutamateunder all conditions. This pattern may reflect that M3 is
located most closely to the central axis of the channel, (data not shown). Except for two locations in preM1
(F540 to L544) and M3 (V626 to T630), which are consis-M4 somewhat less close, and preM1 most closely to
the lipids surrounding the transmembrane domain of tent with an a-helical conformation, we failed to detect
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a regular secondary structure of the segments investi-
gated. The continuous stretch of accessible residues in
M3 may reflect that part of M3 forms a flexible random
coil structure. Hence, in contrast to the common as-
sumption that hydrophobic segments form transmem-
brane-spanning a helices, this may not hold at least for
segments not directly exposed to the lipids.
Activation State±Dependent Accessibility
The pattern of exposed residues was identical in the
presence and absence of agonist for all positions tested
except for one residue in the preM1 segment, L544,
suggesting that the gross structure of the extracellular
vestibule does not change with channel activation.
Hence, the gate of the channel is not located in the
extracellular vestibule, but more likely at the narrow con-
striction or even further cytoplasmic. State-dependent
accessibility of cysteines introduced into the M2 seg-
ment (Kuner et al., 1996) support this conclusion. Resi-
due L544, located between preM1 and M1, was only
accessible in the presence of glutamate. The activation-
dependent accessibility may be explained by a local
conformational change concomitant with gating. Alter-
natively, residue L544 could be partly shielded by the
M3C/M4N segments (model 1) or the M2 segment (model Figure 8. Correlation between Sequence Conservation and Side
2) in the closed state, but not in the open state. In the Chain Exposure of Segments Contributing to the Extracellular Ves-
latter case, the M2 loop would move along the vertical tibule
axis as the channel opens its gate and thereby expose Sequence alignment including the transmembrane segments of
L544 to the pore (see Figure 7C, lower panel). seven members of the GluR family (sequences taken from Sprengel
and Seeburg [1995]). Shaded areas denote transmembrane seg-
ments, asterisks indicate exposed residues, and boxes define the
Functional Implications range of residues investigated. Dots denote gaps introduced to
optimize the alignment. Highlighted residues are conservedThe extracellular vestibule can be defined as a functional
throughout the GluR family (except from GluR7, which has a lysinemodule: it provides a low-resistance access pathway
instead of an asparagine in the NxAGVF motif). Two members offor ions, it contains charged residues that may serve to
each GluR subfamily (AMPAR, kainate receptor, and NMDAR) were
concentrate ions in the vestibule, and it may provide included in the alignment. Two NR2 subunits were included because
binding sites for channel blockers and drugs. We pre- they are more variable within the sequences compared here than
sent evidence that polar or charged residues exposed the other members of a subfamily. A consensus sequence was
constructed allowing two conserved mismatches for each position.to the extracellular vestibule affect Ca21 permeation.
However, it remains unclear whether these residues
form an extracellular binding site for Ca21 (Premkumar to a region possibly forming the gate of the channel.
and Auerbach, 1996) or if they act via an electrostatic Recently, the preM1 segment has been suggested to
mechanism (Hille, 1992). be involved in translating ligand binding into gating of
The segments identified in this study have been impli- the channel (Krupp et al., 1998; Villarroel et al., 1998),
cated in various functional properties of GluRs consis- consistent with the state-dependent accessibility of res-
tent with a channel-lining position. For example, the M3 idue L544 within this segment characterized here. How-
segment has been shown to play a role in block by ever, the role of M1 editing in the GluR6 subunit (KoÈ hler
dizolcipine (Ferrer-Montiel et al., 1995) and polyamines et al., 1993) is more difficult to reconcile with the model
(Kashiwagi et al., 1997). Recently, a mutation in the M3 presented in Figure 7. Positions in the NR1 subunit ho-
segment of the d2 subunit of glutamate receptors was mologous to the edited positions in the M1 segment of
found to render this channel constitutively active, there- the GluR6 subunit (NR1: V548 and S551 homologous to
by producing the lurcher phenotype (Zuo et al., 1997). GluR6: I538 and Y542) are likely to be buried in the
We found that a residue adjacent to the homologous interior of the protein. The effect of editing on Ca21
position in the NR1 subunit, A634, generates a channel permeability in GluR6 channels may be explained by a
reminiscent of lurcher when treated with MTS reagents, structural change in M1 that may propagate to other
suggesting a common mechanism for these effects pos- segments lining the conduction pathway.
sibly involving channel gating. The M4 segment has
been identified as a module conferring subunit specific- Structural Conservation of Channel-Lining Segments
ity of the Mg21 block (Kuner and Schoepfer, 1996). Addi- Regions of high sequence identity within a family of
tionally, in AMPAR channels, the M4 segment could proteins confer family-specific structural and functional
act as an effector of the flip/flop segment located 20 properties to a protein. The M3 segment shows the high-
residues upstream of M4 (Sommer et al., 1990), trans- est degree of sequence identity among GluRs (SYTAN-
LAAFL). Notably, most residues within this conservedducing structural changes of this modulatory segment
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(Leonard and Kelso, 1990). Differences in the transient componentmotif are accessible to MTS reagents (Figure 8, aster-
between various constructs correlated with the magnitude of theisks). The M4 segment contains a small location of highly
current amplitude, mutants yielding large currents showing strongerconserved residues at its N-terminal end (NxAGVF),
transients than those yielding small currents. In addition to that,
within which three residues are accessible to MTS re- oocyte batch±specific variations in the absolute magnitude of the
agents. In contrast, the preM1 and M1 segments exhibit transient component were observed.
Probing Cysteine Substitution Mutantsonly little sequence similarity within GluRs, although ex-
from the Cytoplasmic Sideposed residues in the preM1 segment coincide with a
MTSET (2 mM) was applied to the cytoplasmic side of giant inside-patch of conserved residues (SFLxP). Hence, the pat-
out patches excised from Xenopus oocytes as described (Kuner etterns of sequence conservation correlate well with the
al., 1996). Briefly, voltage was changed ramp-wise from 2100 mV
structural and functional attributes of the preM1, M1, to 1100 mV to obtain I±V relations in the continous presence of
M3, and M4 segments suggested here. Correspond- glutamate and glycine in the pipette. Ramps were applied every
ingly, it seems likely that the extracellular vestibule ex- 5±10 s, MTSET was applied with a fast application system, and
currents at 1100 mV were extracted and plotted against time. Thehibits a similar design in all members of the glutamate
mean current amplitudes before and after exposure to MTSET werereceptor family.
determined, and the relative change of the current amplitude was
calculated as %change 5 (1 2 Ipost/Ipre) 3 100. To distinguish leak cur-Experimental Procedures
rents from NMDAR-mediated currents, patches were exposed to 10
mM Mg21. Only patches showing the characteristic voltage-depen-
Materials
dent block were used. The solutions consisted of 100 mM KCl, 10MTS reagents (2-aminoethyl-methanethiosulfonate, MTSEA; 2-tri-
mM HEPES, 10 mM EGTA (external), or 10 mM EDTA (internal), (pHmethylammonioethyl-methanethiosufonate, MTSET) were purchased
adjusted to 7.2 with KOH).from Toronto Research Chemicals (Downsview, Ontario, Canada).
Reaction RatesEnzymes were from Boehringer Mannheim GmbH (Mannheim, Ger-
A single exponential function was fitted to the decay phase of themany), Stratagene GmbH (Heidelberg, Germany), New England
current in the presence of MTS reagents. Second order rate con-Biolabs GmbH (Schwalbach, Germany), MBI Fermentas (St. Leon-
stants were obtained by dividing the reciprocal of the time constantRot, Germany), or Promega (Madison, WI). All other chemicals
by the concentration of the MTS reagent. Since solution exchangewere either from Merck (Darmstadt, Germany) or Sigma Chemicals
in whole-cell oocyte recordings is slow, a concentration of the re-(St. Louis, MO).
agents was chosen for each individual mutation such that the time
constants were .10 s. This value was determined using the fastMolecular Biology
channel blocker Mg21 (1 mM), which revealed a pseudo rate constantAll experiments were performed with previously described expres-
of about 3 s. Processes slower than that can be measured withsion constructs for NMDAR subunits (Kuner and Schoepfer, 1996).
sufficient accuracy. At millimolar concentrations of MTS reagents,Cysteine substitution mutants were generated by PCR using Pfu
wild-type receptor channels are not transiently blocked by MTSETDNA polymerase (Stratagene). All constructs were sequenced over
(T. K. and C. B., unpublished data) and only weakly blocked bythe entire length of the replaced fragment. Capped cRNAs of cyste-
MTSEA (Kuner et al., 1996). Low concentrations of the reagents (,1ine-substituted NR1 subunits and ªwild-typeº NR2CM1 subunits were
mM) do not transiently block wild-type receptors (T. K. and C. B.,transcribed with SP6 polymerase (Promega) and coinjected into
unpublished data). In those cases where high concentrations ofXenopus oocytes as described previously (Kuner et al., 1996). For
reagents were used, the faster transient component of the blockexpression of NR1 cysteine substitution mutants in HEK 293 cells,
could be clearly distinguished from the slow decrease of the currentappropriate DNA fragments were subcloned and cotransfected with
reflecting the reaction of the reagent with the reporter cysteine.an expression vector for the NR2A subunit as described (Wollmuth
Ca21 Permeabilityet al., 1996).
Changes in the reversal potential, DEr, were used as an index of
Ca21 permeability relative to that for Cs1 as described (Wollmuth andElectrophysiology
Sakmann, 1998). The change of reversal potentials for glutamate-Oocyte and HEK 293 whole-cell and giant inside-out patch re-
activated currents was measured on replacing a Cs1 solution (140cordings were performed as described (Kuner et al., 1996; Wollmuth
mM CsCl, 10 mM HEPES [pH adjusted to 7.2 with CsOH], the totalet al., 1996). MTS reagents were added to the respective solutions
Cs1 concentration was 143.5 mM) with a solution containing Ca21at concentrations ranging from 0.5 to 3 mM and prepared fresh or
(1.8 mM CaCl2, 10 mM HEPES, 140 mM N-methyl-D-glucaminethawed from a frozen stock solution kept at 2208C immediately
[NMDG], [pH adjusted to 7.2 with HCl]). The pipette solution con-before use.
sisted of: 140 mM CsCl, 10 mM BAPTA, 10 mM HEPES (pH adjusted
to 7.2 with CsOH); the total Cs1 concentration was 163.5 mM.Experimental Protocols and Data Analysis
MTSEA (2 mM in Cs1 solution) was applied for 60 s at a holdingProbing Cysteine Substitution Mutants
potential of 250 mV in the presence of agonist. Peak current ampli-from the Extracellular Side
tudes, generated by voltage steps in 5 or 10 mV increments, wereThe mean amplitude of the plateau current (at 250 mV) before expo-
plotted against voltage and fitted with a fourth order polynomial tosure to MTS reagents (Ipre) was established by four consecutive
determine the reversal or zero current potential (Igor Pro WaveMet-applications of glutamate (100 mM) and glycine (10 mM) for 45 s.
rics, Lake Oswego, OR). Results are reported as mean 6 SEM andImmediately after the fifth application, an MTS reagent was applied
shown graphically as mean 6 2 3 SEM. The NR2A subunit wasfor 120 s in the continued presence of the agonist. Accessibility in
used in order to achieve high expression levels in HEK 293 cells.the absence of glutamate was assayed using a solution containing
Although unlikely, the effects on Ca21 permeability could reflectMTSEA without agonist for 120 s. After exposure to MTS reagents,
changes in Cs1 permeation, but in either case, the results supportthe mean current amplitude after exposure to the reagents (Ipost) was
the idea that residues affecting the reversal potential contribute todetermined with four agonist applications. Individual applications
the lining of the pore.were separated by wash periods of 180±300 s. Plateau current am-
Statistical Analysisplitudes before and after application of the reagents were averaged
One way analysis of variance (ANOVA) was performed for eachand corrected for rundown, and the percent change was calculated
of the three experimental groups (MTSEA 1 glutamate, MTSET 1as %change 5 (1 2 Ipost/Ipre) 3 100.
glutamate, and MTSEA), and significance levels were calculatedTo reduce contamination by Ca21-induced Cl- currents (Leonard
with Dunnett's procedure. For comparisons between experimentaland Kelso, 1990), we used a low Ca21 Ringer's solution containing
groups, the Newman-Keuls procedure was used. For all other com-0.18 mM CaCl2, 115 mM NaCl, 2.5 mM KCl, and 10 mM HEPES (pH
parisons, ANOVA and Dunnett's procedure were used. Calculationsadjusted to 7.2 with NaOH). Nevertheless, in some experiments an
initial transient component of the current response was observed were done with GB-STAT software (Dynamic Microsystems, MD).
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